layer sites of high charge phyllosilicates such as micas is not readily exchanged by other cations and is usually
Selectivity of Cs for sorption on either regular (plasolution had the greatest effect on the magnitude of Cs desorption; nar) exchange sites or FES can be described using a significantly more Cs was desorbed in the presence of KCl than in selectivity coefficient comparing the retention of Cs in either CaCl 2 or a mixed-cation soil solution. In addition, Cs desorption relation to another competing ion, such as K or NH 4 .
was greater from rhizosphere soil materials relative to bulk soil materiExchange on accessible sites of expandable phyllosilials. Cesium selectivity with respect to both Ca and K was significantly cates or soil organic matter occurs easily with relatively suppressed by weathering in the rhizosphere. We conclude that ensmall selectivity differences among alkali and alkaline (K, NH 4 , Cs) over their smaller counterparts (Na, Li) and alkaline earth metals (Ca, Mg). The less negative C esium uptake by plants depends on adsorptionhydration energy of the large alkali metals allows dehydesorption and fixation-release reactions in the dration and collapse of the interlayer or sites near the soil, as well as on root uptake processes controlled by edges of collapsed interlayers of micas (FES). As a rethe plant. The aqueous chemistry of Cs in the environsult, K, Cs, and NH 4 can have very high selectivities ment is controlled by sorption reactions to mineral relative the other metals (see e.g., Wauters et al., 1996) . phases, particularly micaceous clay minerals (Francis In this paper, we define FES operationally, as those and Brinkley, 1976) . Micaceous clay minerals are micas sites that will hold Cs and K against exchange with a and illite or other 2:1 phyllosilicate minerals in which large excess of Ca, but not against exchange with NH 4 non-exchangeable K can exist in interlayer sites. Phyllo-(Wauters et al., 1996) . silicate minerals comprise the bulk of the reactive solid A number of studies have shown that the exudates phase in low organic matter temperate soils.
of both plant roots and rhizosphere bacteria enhance Cations with low hydration energy such as K, Rb, Cs, the weathering of phyllosilicate minerals (Boyle et al., and NH 4 can shed part of their hydration shell in the 1967; Boyle and Voigt, 1973; Boyle et al., 1974 ; Hininterlayers of phyllosilicate minerals. This permits a close singer and Jaillard, 1993; Leyval and Berthelin, 1991 ; approach to the tetrahedral silicate layers and formation Mojallali and Weed, 1978) . Biological and chemical of polar bonds with structural oxygen atoms. Cesium weathering processes in the rhizosphere can account for bound to completely dehydrated or "collapsed" interthe loss of more than 20% of elements from clays, micas, and feldspars on a weight basis (Robert and (Holdren, 1995) . 
wheatgrass is a drought-tolerant perennial bunch grass that begins growth early each spring. Soil separated from among 
RESULTS
between 5 ϫ 10 Ϫ9 and 5 ϫ 10 Ϫ6 M. The concentrations of Ca,
Soil Physical and Chemical Properties
Mg, Na, and K of the mixed solutions and the ionic strength of the KCl and CaCl 2 solutions used in the exchange experiments Both bulk and rhizosphere soil materials are silt loam were based on those determined in saturated paste extracts soils (Table 2 ). X-ray diffraction analyses indicated that of the collected soils ( 
0406). t tests also indicated that FES of K-saturated
In all treatments, Cs sorption to soil materials inbulk and rhizosphere soil materials exhibited significreased with greater initial aqueous Cs concentration; cantly higher Cs/K selectivity than untreated bulk and however, significantly more Cs was sorbed by untreated rhizosphere soil materials (P ϭ 0.0408 and 0.0080, reand Ca-saturated soil materials than by K-saturated soil spectively). A series of t tests indicated no significant materials (Fig. 1) . In every soil and treatment and at difference in Cs sorption is limited to external planar surfaces and each treatment were grouped K-saturated soil materials interlayer edges, and that the magnitude of Cs sorption exhibited significantly greater Cs/K selectivity than undepends on aqueous Cs concentration and the relative treated (P ϭ 0.0002) or Ca-saturated (P ϭ 0.0085) affinities of Cs and other cations in solution for accessisoil materials.
ble exchange sites (Comans and Hockley, 1992; Francis Overall, these Levacic, 1999) . soil materials relative to Ca-treated bulk soil materials Cesium desorption as a function of soil and desorbing observed here is similar to results obtained by Wendling et al. (2004 Wendling et al. ( , 2005 in Fig. 2 . A multi-factor ANOVA indicated significant differences in Cs desorption as a function of the desorb- ined using a multi-factor ANOVA at each initial Cs concentration, where all desorbing cation treatments Conditional Cesium/Calcium and Cesium/ were grouped. This indicated that Cs desorption from
Potassium Exchange
rhizosphere soil was significantly greater than desorpVanselow conditional exchange coefficients were caltion from bulk soil at initial Cs concentrations 1 ϫ 10
Ϫ8
, culated from binary Cs/Ca exchange ( Fig. 3) and Cs/K 1 ϫ 10 Ϫ7 , and 5 ϫ 10 Ϫ6 M. Each desorbing cation treatexchange (Fig. 4) on the FES of both bulk and rhizoment was then examined separately using a single-factor sphere soils following Cs sorption to Ca-saturated or ANOVA at each initial Cs concentration.
K-saturated soils. Conditional Cs/Ca exchange coeffiIn the untreated soils, Cs desorption from rhizosphere cients for both bulk and rhizosphere soils are signifisoils in the presence of mixed-cation solution was significantly greater than Cs/K exchange coefficients at all cantly greater than desorption from bulk soils at initial initial Cs concentrations. These results show that sorbed Cs concentrations 1 ϫ 10 Ϫ6 and 5 ϫ 10 Ϫ6 M. There was Ca was more easily exchanged by Cs on both bulk and no significant difference in Cs desorption between Carhizosphere soils than was K; however, the results also saturated bulk and rhizosphere soils at any initial Cs suggest that either Ca is displaced from high affinity concentration examined. Cesium desorption from K-sat-FES sites, which should not have sorbed Ca, or that urated rhizosphere soils was significantly greater than some of the Cs is exchanging with Ca at low affinity desorption from K-saturated bulk soils at 1 ϫ 10
, 1 ϫ sites. Given the high Cs/Ca selectivity coefficient, it ap-10 Ϫ7 , 5 ϫ 10 Ϫ7 , and 5 ϫ 10 Ϫ6 M initial Cs concentrations. pears that Cs is displacing at least some Ca from high The higher desorption from the K-saturated rhizosphere affinity sites. We were unable to determine how much soil is consistent with the lower Cs/K selectivity ob-K was displaced in the Ca treatments. served for the FES in the rhizosphere soil. Although Multi-factor ANOVAs indicated that both c K ex (Cs/Ca) the difference was small, it was apparently sufficient to and c K ex (Cs/K) are significantly greater overall for bulk allow more K for Cs exchange. soils than for rhizosphere soils. The change in Cs/Ca selectivity is in agreement with a laboratory study by Wendling et al. (2004) that showed illite reaction with oxalate lowered Cs selectivity with respect to Ca. That result was attributed to an increase in the number of low affinity sites relative to FES.
DISCUSSION
Our results indicate that Cs in the soil rhizosphere may be more available for plant uptake than previously indicated by studies on pure minerals and bulk soils. Mineral weathering mechanisms are primarily related to the production of acids and complexing compounds by plants and soil microbes, as well as exchange and uptake of elements among soil minerals, the soil solution, and plants (Leyval and Berthelin, 1991) . Our work demonstrates that exudates from crested wheatgrass to enhance weathering of micaceous phyllosilicate min-
